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ARTICLE INFO ABSTRACT

Keywords: Field-deployed lysimeters were used to measure the concentrations of poly- and perfluoroalkyl substances
PFAS (PFASs) in soil porewater at a site historically impacted with aqueous film forming foam (AFFF). Samples
Leaching collected over a 49-day period showed that perfluorooctane sulfonate (PFOS) and perfluorohexane sulfonate
ﬁiﬁite d (PFHxS) were the PFASs with the highest concentrations in porewater, with concentrations of approximately
Lysimeter 10,000 and 25,000 ng L1, respectively. The corresponding average mass flux to underlying groundwater

Flux observed for PFOS and PFHxS was 28,000 + 11,000 and 92,000 + 32,000 ng m? d’l, respectively. Employing
the use of batch desorption isotherms (soil:water slurries) to determine desorption Ky values resulted in an
overestimation of PFAS porewater concentrations by a factor for 1.4 to 4. However, using the desorption Kq
values from the batch desorption isotherms in combination with a PFAS mass balance that incorporated PFAS
sorption at the air-water interface resulted in improved predictions of the PFAS porewater concentrations. This
improvement was most notable for PFOS, where inclusion of air-water interfacial sorption resulted in a 58%
reduction in the predicted PFOS porewater concentration and predicted PFOS porewater concentrations that
were identical (within the 95% confidence interval) to the lysimeter measured PFOS porewater concentration.
Overall these results highlight the potentially important role of air-water interfacial sorption on PFAS migration
in AFFF-impacted unsaturated soils in an in situ field setting.

1. Introduction

Poly- and perfluoroalkyl substance (PFAS) leaching to groundwater
from unsaturated soils impacted with aqueous film forming foam (AFFF)
is a recognized environmental issue at many former and current fire
fighter training areas (Anderson et al., 2019; Anderson, 2021; Braunig
et al., 2019; Hyisater et al., 2019). Management of such sites is partic-
ularly challenging because PFAS porewater concentrations and mass
flux to underlying groundwater are typically unknown. As recently
described by Anderson (2021), approaches typically used for other
classes of organic contaminants to estimate leaching and mass flux based
on soil-water partitioning models may be inappropriate for PFASs.
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Sorption hysteresis (Chen et al., 2016; Zhi and Liu, 2018), kinetically-
controlled sorption (Brusseau et al., 2019; Schaefer et al., 2021), and
retention at air-water or oil-water interfaces (Lyu et al., 2018; Costanza
etal., 2019; Schaefer et al., 2019) are among the reasons why commonly
employed leaching estimation methods may fail for PFASs.

Several recent studies have focused on the issue of PFAS leaching
from AFFF-impacted soils. Using drainage lysimeters (also termed field
columns), and an agricultural soil spiked with perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonate (PFOS), Stahl et al. (2013)
showed that 3.12% of the PFOA and 0.013% of the PFOS leached from
the soil over a 5 year period. Examining historically contaminated soils
(15 years since last AFFF application in a fire training area), Hygisater
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et al. (2019) measured PFOS vertical soil concentration profiles that
demonstrated significant vertical PFOS attenuation, with estimated
PFOS retardation factors through the unsaturated zone ranging from 16
to 42. Both of these studies demonstrate substantial retention of PFOS
within the unsaturated zone source areas.

In contrast, McLachlan et al. (2019) showed much more rapid
removal of PFOS via leaching through unsaturated soil, with 2% of PFOS
removed from the soil within 72 days. Quinnan et al. (2021), examining
AFFF-impacted unsaturated soils, performed saturated synthetic leach-
ing precipitation testing on collected soil and compared results to PFOS
concentrations measured in field-deployed lysimeters. For two paired
locations, agreement between the leaching test and lysimeter-based
porewater data was reasonable (within approximately 50%); for a
third paired location, results differed by more than an order of
magnitude.

Other recent studies further highlight potential complexities associ-
ated with PFAS leaching, and the associated challenges with both
measuring and predicting PFAS leaching behavior. Borthakur et al.
(2021) showed that freeze-thaw processes and natural soil colloids can
accelerate PFAS leaching. Simulations performed by Zeng and Guo
(2021) suggest that preferential flow can result in elimination of air-
water interfaces and increase the rate of PFAS migration.

Collectively, these studies highlight the variability in PFAS leaching
in unsaturated soils and the challenges in predicting PFAS leaching using
currently available methods. Methods to predict and model PFAS
porewater concentrations in AFFF source area leachates have yet to be
demonstrated at the field scale. Furthermore, while much attention has
been given to the potential role of the air-water interfacial accumulation
on PFAS migration through unsaturated soils, field-scale data to confirm
the importance of this mechanism is largely absent, thus models
developed to describe the impacts of PFAS sorption at the air-water
interface have yet to be validated in situ at historically contaminated
sites. Because there is an immediate and pressing need to improve un-
derstanding of PFAS leaching in AFFF-impacted source areas and to
develop models capable of predicting such leaching (Anderson, 2021),
demonstrating and quantifying the role of air-water interfacial sorption
on PFAS migration at the field scale is a high priority for advancing
mechanistic understanding and supporting overall site management.
The objective of this study was to demonstrate a method for predicting
PFAS porewater concentrations in an AFFF-impacted source zone based
on PFAS migration models previously validated at the bench-scale (Lyu
et al., 2018; Brusseau et al., 2019b), and to demonstrate the role of air-
water interfacial sorption on PFAS porewater concentrations and ulti-
mately PFAS mass flux to groundwater.

2. Methods
2.1. Test site

An AFFF-impacted site in the northeastern United State that was used
for foam formulation testing (not actual firefighting with fuels) was
selected for testing. The depth to water at the site typically ranges from
approximately 1.8 to 2.7 m below ground surface (bgs). As previously
described (Schaefer et al., 2021), unsaturated soil cores from this site
were collected for laboratory testing in January 2019, approximately 22
years after the last known AFFF application; these soil cores were used to
determine PFAS concentration at the site, and to determine PFAS
desorption isotherms. PFAS soil properties are provided in Table S1. Soil
PFAS concentrations have been previously reported (Schaefer et al.,
2022) for the shallow homogenized interval from 0.03 to 0.9 m below
ground surface and for the deep homogenized interval from 0.9 to 2.4 m
below ground surface; these data are provided in Table S2.

Approximately 1.5 years after these soil cores were collected, a
network of lysimeters were installed to facilitate in situ porewater
collection. Lysimeters were installed in a 4.3 m x 4.3 m area of undis-
turbed soil (referred to as the test cell) that was hydraulically isolated
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using sheet-piling. Several ceramic porous cup suction lysimeters were
installed, along with electrical resistance-based moisture probes, at
various depths within the vadose zone. The test cell and lysimeters are
shown in Fig. S1. Fig. 1 details the installed sampling equipment and
instrumentation. Lysimeter depths are summarized in Table 1. A con-
ceptual cross-section also is provided in Fig. S2.

Porous cup suction lysimeters were purchased from Soil Moisture
Equipment Corp. (Goleta, CA). The lysimeters used were constructed of
PVC and had a diameter of 4.8 cm. The ceramic porous cup was 3.8 cm
long with a 2 bar bubbling pressure; lysimeter lengths ranged from 0.3 m
tol.5 m. Lysimeters were installed using hand augers. A silica flour (200
mesh) slurry was used in the lysimeter boreholes such that the annular
space was filled with the silica flour several centimeters above the
porous cup. A few centimeters of coarse sand was layered on top of the
silica flour, and the remaining annular space was filled with medium-
size bentonite chips to the ground surface. Lysimeters were connected
to a vacuum manifold system for sample collection.

A bromide tracer was included with the silica flour slurry. After
collecting an initial round of porewater samples to flush the system, the
initial round of samples for PFAS analysis was collected. This initial
round of samples for PFAS analysis also was analyzed for bromide. These
measured bromide concentrations were less than 10% of initial bromide
concentrations, indicating that the water captured in the lysimeters was
representative of natural porewater that was not artificially diluted by
the slurry water. Parallel laboratory testing with both the lysimeters and
silica fluor showed that PFOS sorption to the silica flour and lysimeter
was negligible.

Moisture probes (PR2/6 probes, manufactured by Delta-T Devices)
were installed at 3 locations within the test cell. The moisture probes
contained multiple sensors along the vertical length of the probe that
allowed for measurement of electrical potential at depths of 20, 30, 60,
and 100 cm. A rain gauge also was installed at the test site. A monitoring
well located in the center of the test cell was used to ensure that the
water table remained below the deepest installed lysimeters.

2.2. Monitoring and analyses

Lysimeter sampling occurred using a vacuum manifold system,
where a vacuum of approximately 30 to 45 cb was applied over a set
time interval of approximately 18 h to 5 days for each sampling event. As
described in the installation details, purging of the initial porewater
collected within each lysimeter was performed to ensure that PFAS
concentrations measured in the collected samples were representative of
porewater and not moisture added during the lysimeter installation.

Three rounds of sampling were performed over a 49 day period (July
15, 2020 to September 2, 2020), where the 11 lysimeters shown in
Table 1 were sampled. Samples were collected in 1 L glass bottles for
each lysimeter within the manifold system. Collected porewater vol-
umes in each glass bottle typically ranged from 5 to 300 mL per sampling
event. Collected lysimeter porewater samples were transferred to 50 mL
polypropylene centrifuge tubes for PFAS analysis. Select samples were
also analyzed for total organic carbon (TOC) via combustion analysis,
pH, and electrical conductivity. PFAS analyses on the collected aqueous
porewater samples was performed using an Agilent 1260 series HPLC
(Santa Clara, CA) and a SCIEX QTOF X500R (Framingham, MA) using
positive and negative mode electrospray ionization for analysis of
cationic/zwitterionic and anionic/zwitterionic compounds (respec-
tively) via orthogonal chromatography, as previously described in Bar-
zen-Hanson and Field (2015). Additional details of the PFAS analyses,
including screening and semiquantitation of suspect analytes, are
described in the Supplemental Materials and Table S3.

2.3. Bench-scale testing to measure PFAS sorption at the air-water
interface

Laboratory bench-scale batch experiments were performed to
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Fig. 1. Details of installed system components. L-1 through L-11 are the lysimeters. SMP-1 though SMP-3 are the soil moisture probe locations. VP indicates locations
for vapor probes. EC1 and EC2 indicate locations where electrical conductivity probes were used, and SB1 through SB5 are soil bore locations. MW-1 is a shallow

monitoring well used to monitor the water table elevation.

Table 1

Lysimeter depths. Lysimeters L-2 and L-8, installed at the very
shallow depth below ground surface of 0.15 m, were not used
in this study. This shallow depth, coupled with rapid water
infiltration into the sandy soil, likely resulted in porewater
PFAS concentrations that were not representative of equilib-
rium conditions and PFAS porewaters impacting underlying
groundwater. All lysimeters were placed within either the
shallow (0.03 to 0.9 m) or deep (0.9 to 2.4 m) soil intervals, as
described in Table S2.

Lysimeter Depth
(m below ground surface)
L-1 0.61
L-2 0.15
L-3 0.61
L-4 1.5
L-5 0.61
L-6 1.5
L-7 1.2
L-8 0.15
L9 0.61
L-10 1.2
L-11 0.61

determine values of the air-water interfacial partition coefficient Ky
(cm) for PFOS, PFHpS, and PFOA. Values of K,y were directly measured
using porewater collected from the lysimeters using the film method,
described in detail in Schaefer et al. (2019). Briefly, this method entails
filling a 25 cm diameter HDPE pan with approximately 2.2 L of the

collected porewater, allowing 3 days of equilibration, draining the bulk
water (while collecting a sample of this bulk water for PFAS analysis),
and collecting the film of water remaining in the pan (approximately
0.15 L) for PFAS analysis. PFOS, PFHpS, and PFOA concentrations
measured in the bulk porewater sample collected were 9800, 310, and
400 ng L7}, respectively. Applying a mass balance, and knowing the
geometric surface area of the air-water interface in the film residing in
the pan, the PFAS mass per unit area at the air water interface (p in units
of ng cm™2) was determined. Koy, was then calculated as p divided by the
bulk water concentration. This experiment was performed in duplicate.

3. Results and discussion
3.1. Sample collection and porewater characteristics

The porewater saturations (S, in cm? per cm®) and the three lysimeter
temporal sampling intervals over which porewater was collected are
shown in Fig. 2; corresponding cumulative precipitation is shown in
Fig. S3. Porewater TOC, conductivity, and pH levels are summarized in
Table S4. No significant correlation (p > 0.05) between PFAS concen-
trations and the geochemical parameters in Table S4 was observed.
Porewater samples were collected during a precipitation event, or
within 3 days of a precipitation event. In all cases, evidence of water flux
through the vadose zone was noted during sample collection by de-
creases in soil moisture as a function of time. It is unclear why a satu-
ration reading of approximately 1.5 was measured at SMP-2(60 cm)
during a severe storm event on August 11, 2020.

The water flux thorough the test cell was conservatively estimated
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Fig. 2. a. Lysimeter sampling intervals and corresponding water saturations (measured using the moisture probes) over the study period. The three shaded bars
indicate the sampling intervals over which lysimeter samples were collected via an applied vacuum. Lysimeter samples were collected during or shortly after rainfall
events where the soil moisture and vertical water flow remained elevated. Saturation values were calculated based on calibration to soil moisture contents obtained

via direct collection of soil samples.

b. Lysimeter sampling intervals and cumulative precipitation over the study period. The installed rain gauge was only operational after 8/16/20; a local weather
station (data provided at https://www.cocorahs.org/) was used to monitor rainfall prior to this date.

for the well-drained sandy soils at the site by assuming it was equal to
the rainfall flux. As shown in Fig. 2b, 0.18 m of rainfall occurred over the
49 day monitoring period, resulting in an average water flux of 3.8 x
103 m d! through the test cell.

3.2. PFAS porewater concentrations and mass flux

Detected PFAS concentrations measured at each lysimeter for each of
the 3 sampling events are presented in Table S5. Average PFAS

concentrations over all 3 sampling events measured among the 5 ly-
simeters at a depth of 0.61 m bgs and also among the 4 lysimeters at a
depth of 1.2 to 1.5 m bgs are shown in Fig. 3. Lysimeters L-2 and L-8,
installed at the very shallow depth below ground surface of 0.15 m, were
not included in Fig. 3 because the shallow depth coupled with rapid
water infiltration into the sandy soil likely resulted in PFAS porewater
concetnations that were not representative of equilibrium conditions
and PFAS porewaters impacting underlying groundwater; average PFAS
concentrations in L-2 and L-8 over the 3 sampling events were
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Fig. 3. Average PFAS porewater concentrations measured using the field-
deployed lysimeters over three rounds of sampling. The blue-hatched bars are
from the 4 deep (1.2 to 1.5 m bgs) lysimeters, and the solid red bars are from 4
shallow (0.61 m bgs) lysimeters. As described in the text, the first round of
sampling from L-5 and outliers (> 3 standard deviations from the mean) from
the second and third rounds of sampling at L-1 were excluded from calculation
of the averages shown in this figure. Error bars represent 95% confidence in-
tervals. PFBA = perfluorobutanoic acid, PFPeA = perfluoropentanoic acid,
PFHxXA = perfluorohexanoic acid, PFHpA = perfluoroheptanoic acid, PFOA =
perfluorooctanoic acid, PFBS = perfluorobutanesulfonate, PFPeS = per-
fluoropentanesulfonate, PFHxS = perfluorohexanesulfonate, PFHpS = per-
fluoroheptanesulfonate, and PFOS = perfluorooctanesulfonate. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

approximately 4 standard deviations greater than the mean calculated
among the deeper lysimeters shown in Fig. 3, suggesting these data were
outliers compared to the lysimeter data measured at depths of 0.61 m
and 1.2 to 1.5 m bgs. For example, the average PFOS concentration at
0.15 m over the 3 sampling events was 45,000 + 25,000 ng L™}, which is
more than 4 times greater than that measured in the deeper lysimeters
shown in Fig. 3. In addition, lysimeter L-5 from the first round of sam-
pling was excluded because only a very limited volume of porewater
(6.5 cm® of porewater versus >60 cm® for all other lysimeters) had been
initially flushed through this lysimeter prior to and including porewater
collection associated with the first sampling event; PFAS concentrations
in L-5 at the first sampling event were 5-times lower than the average
observed among the other lysimeters. The subsequent round of sampling
in L-5 yielded greater than 200 cm® of porewater. Finally, for L-1,
several PFAS results for the second and third rounds of sampling
(including results for PFOS, PFHpS, and PFOA) were excluded from the
averages shown in Fig. 3 because measured PFAS concentrations were at
least 3 standard deviations greater than then average calculated among
the other lysimeters for most of the PFASs detected. Overall, with these
exceptions, results show that PFAS concentrations measured in the
porewater at depths of at least 0.61 m bgs were generally repeatable
among the lysimeters and over the 3 sampling events, as indicated by
95% confidence intervals that were typically less than 50% of the
average for the shallow (0.61 m bgs) lysimeters, and less than 40% of the
average for the deep (1.2 to 1.5 m bgs) lysimeters.

Results show that the PFAS concentrations measured in the shallow
lysimeters located at 0.61 m bgs were typically statistically identical
(overlapping 95% confidence intervals) to those measured at 1.2 to 1.5
m bgs, indicating that PFAS concentrations were at an apparent equi-
librium in the percolating porewater within the interrogated depth in-
terval of the vadose zone (i.e., PFAS concentrations in porewater were
not changing with depth). Thus, despite the comparatively higher
organic carbon and PFAS concentrations associated with the shallow soil
(Tables S1 and S2), PFAS concentrations in the porewater were in local
equilibrium with the soil throughout the interrogated interval. This
apparent local equilibrium suggests that independently determined
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equilibrium partitioning parameters may be useful for predicting PFAS
porewater concentrations, as discussed in the following section.

PFOS and perfluorohexane sulfonate (PFHxS) were the PFASs that
showed the highest average porewater concentrations in Fig. 3 of
approximately 10,000 and 25,000 ng L™, respectively, for the depths of
0.61 m and 1.2-1.5 m. PFOS and PFHxS were also the PFASs that had the
highest concentrations in the soil (Table S2). The perfluoroalkyl acid
(PFAA) mass flux through the test cell during the 49 day monitoring
period is shown in Table 2. Extrapolated over the course of a year, the
total mass of PFAAs leached from the unsaturated soil within a year
would be 1.3 + 0.43 g. Based on PFAA soil concentrations measured
within the test cell (Table S2), this total annually leached PFAA mass
represents only 2% of the total PFAS mass present in the unsaturated
zone. These results suggest that PFAAs will persist in the unsaturated
soils for decades to come, although it is currently unclear how PFAA
mass flux will diminish over time due to thermodynamic and/or kinetic
limitations.

Sporadic (<35% of lysimeter samples) detections of perfluorohexane
sulfonamide (FHxSA) were observed, but results were typically below
the analytical method quantification limit of 2000 ng L™, which was
much greater than the 200 ng L™} method quantification limit for most
PFAAs. When detected, FHxSA concentrations ranged from 5000 to
10,000 ng L~L. 6:2 Fluorotelomer sulfonate (6:2 FtS) was only sporad-
ically detected during the first 2 sampling events, but was measured at
an average concentration of approximately 2000 ng L™ in the third
round. It is currently unclear why these two compounds were not
detected on a more consistent level. No suspect PFAS analytes were
detected in the porewater, though this is likely due to the high degree of
dilution required for aqueous analysis due to the high PFHxS and PFOS
levels.

3.3. PFAS mass balance and role of the air-water interface

Results of the film experiments yielded Kg,, values of 0.18 + 0.029
cm, 0.071 £ 0.061 cm, 0.064 + 0.048 cm for PFOS, PFHpS, and PFOA,
respectively (average + 95% confidence intervals provided). The
elevated K, values for PFOS are expected due to its increased per-
fluorinated chain length relative to PFHpS and PFOA (Schaefer et al.,
2019). Ky values for the other PFASs present in porewater were below
that which could be measured using the film method.

The ionic strength of the porewater solution, based on the average
conductivity value shown in Table S4, was 0.01 M. Fig. 4 shows the
measured PFOS porewater K, value compared to Ky, values previously
measured in electrolyte solutions (all using the previously described film
method, except where noted). The PFOS K,,, measured in the porewater
(0.18 £ 0.029 cm) is identical to that measured in electrolyte in 0.01 M
NacCl (0.18 £ 0.008 cm) by Schaefer et al. (2019), suggesting that the
porewater constituents (i.e., total organic carbon, other PFASs) did not
have a substantial impact on PFOS interfacial sorption for the porewater

Table 2

Calculated PFAS mass flux through the vadose zone to-
wards underlying groundwater based on an average water
flux of 3.8 x 107> m d ™! and the average PFAS concen-
trations for the deep lysimeters at 1.2 to 1.5 m bgs.

PFAS Mass flux (ng m 2 d™h
PFBS 7400 + 2100
PFPeS 15,000 + 3300
PFHxS 110,000 + 37,000
PFHpS 860 + 410

PFOS 32,000 + 13,000
PFBA 1700 =+ 540
PFPeA 4000 + 1000
PFHxA 14,000 + 3800
PFHpA 3600 + 1100

PFOA 2100 £ 930
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Fig. 4. K,y for PFOS in porewater (0.01 M ionic strength) compared to PFOS
Kaw values previously measured in similar ionic strength electrolyte solutions
using the film method. The PFOS K, in 0.003 M NaCl measured herein using
the Garrett metal screen method also is shown for comparison. All measured
Kaw values reside within the Freundlich-based model predictions at 0.01 M and
0.001 M determined by Schaefer et al. (2019). Error bars represent 95% con-
fidence intervals. In some cases, the error bars are smaller than the symbol.

examined in this study.

In response to a recent study that suggests the film method may
overpredict Ky, values for PFAS (Le et al., 2021), Fig. 4 also shows re-
sults of a measured PFOS K, value in a 0.003 M NacCl solution that was
determined herein using the Garrett metal screen method (Garrett,
1965; Daumas et al., 1976; Agogué et al., 2004); details of this method
are provided in the Supplemental Materials. The consistency between
the Garrett metal screen method and the film method data coupled with
the associated model shown in Fig. 4 suggests that the film method is in
fact appropriate for determining Ky, values for PFOS.
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Fig. 5 shows the average PFAS porewater concentrations (average of
values shown in Fig. 3) compared to predicted values of the PFAS
porewater concentrations. Only PFASs that were both consistently
detected in the lysimeters samples (Fig. 3), and also shown to be at
equilibrium in the batch kinetic desorption testing (Schaefer et al.,
2021), were evaluated. Predicted PFAS porewater concentrations are
based conceptually on the PFAS mass balance model developed by
Brusseau et al. (2019b), which considers PFAS distribution among the
soil, aqueous phase, and air-water interface. The application of the
model is based on two key parameters: a desorption K4 value to describe
PFAS soil-water partitioning and a PFAS interfacial partition coefficient
(Kaw) to describe PFAS partitioning to the air-water interface. The
following 3 equations were used to describe PFAS phase behavior among
the soil, aqueous, and air-water interfacial phases in a 10 g unit mass of
shallow soil (50% saturation based on moisture probe and soil moisture
data):

i
Kuw == 1
C (€]
Ci—b
Mr = Mass at interface + Mass in soil = Vfa,, +Csm 3)

where C is the aqueous concentration (ng cm_B), C; is the sorbed soil
concentration (ng kg’l), Mr is the total PFAS mass used in a 10 x 1073
kg mass of soil (ng, determined on a dry soil basis by multiplying the
total PFAS concentrations in the collected soil shown in Table S2 by the
10 x 10~3 kg of dry soil), V is the in situ soil bed volume associated with
the 10 x 1073 kg of dry soil (6.1 cm®, estimated assuming a dry bulk
density of 1.65 g cm™>), a, is the air water interfacial area per soil bed
volume (cm? per cmg), and m is the mass of dry soil (10 x 1073 kg).
Desorption isotherms using the shallow soil described herein were
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previously determined using a sequential batch dilution technique to
determine K4 (PFAS soil sorption coefficient in L kg_l) and b (the y-
intercept associated with the linear desorption isotherm in L kg~!
(Schaefer et al., 2022); these values are provided in Table 3. It is noted
that Eq. 3 neglects the mass contribution from the aqueous phase. Based
on the measured soil concentration and PFAS porewater concentrations,
the PFAS mass in the water accounts for less than 1% of the total mass,
thus justifying this simplification. Based on the amount of rainfall be-
tween soil collection and the time lysimeter sampling was initiated
(approximately 142 cm of rainfall over 18 months based on weather
station data), and using the leachate concentrations in Fig. 3, the mass of
PFOS and PFHpS leached from the soil between the time of soil collec-
tion and the beginning of the lysimeter sample collection 18 months
later is estimated at less than 1% and 2% of their mass present in the
saturated zone, respectively. Thus, this small amount of mass removal
was considered negligible for the model. For PFOA, using this same
approach, the mass removal over this 18 month period is estimated at
15%. To account for this, Mt for PFOA in Egs. 2 and 3 was decreased by
15% to provide a more appropriate value for the model.

The value for a,,, was determined based on the average soil grain size
using the following equation (Lyu et al., 2018; Brusseau et al., 2019):

gy = 3.9d7'2(1 =8) (C))

where d is the mean particle diameter of the shallow soil (0.04 cm) and S
is the pore saturation of the soil during lysimeter sample collection
(estimated at 0.5 cm® cm > based on moisture probe data). The resulting
value for agy is 93 cm™!. A discussion of the error associated with the
model predictions is provided in the Supplemental Materials.

As depicted in Fig. 5, if PFAS sorption to the air-water interface is not
considered, the predicted PFAS porewater concentrations are 1.4- to 4-
times greater than the PFAS concentrations measured in porewater.
PFOS shows the greatest discrepancy in aqueous concentration between
the lysimeter-based and batch desorption-based results among the
PFASs examined. PFOS is the most surface active among the three PFASs
shown in Fig. 5 (Costanza et al., 2019; Schaefer et al., 2019). These
observations suggest the possibility that the discrepancy between
lysimeter and batch desorption results is due to PFAS accumulation at
air-water interfaces, which are present in the unsaturated soils within
the test cell.

Fig. 5 also shows that including PFAS retention at the air-water
interface results in a substantial improvement in the prediction of
PFAS porewater concentrations, most notably for PFOS where a 58%
reduction in the predicted porewater concentration was observed. When
considering uptake at the air-water interface, the predicted porewater
PFOS concentration is within the 95% confidence interval of the
measured PFOS porewater concentration. PFOS showed a much greater
measured interfacial partition coefficient (K, = 0.18 cm) than PFHpS
(0.071 cm) and PFOA (0.064 cm) in porewater, thus inclusion of air-
water interfacial sorption expectedly had the most notable effect on
PFOS.

For PFHpS, inclusion of air-water interfacial sorption also resulted in
a predicted value that was within the 95% confidence interval of the
measured porewater value, whereas exclusion of air-water interfacial
sorption resulted in a significant overprediction of the measure pore-
water value. For PFOA, the relatively large uncertainty associated with
the soil-water partitioning (Kq value) limited the ability to conclusively
assess any improvement in porewater prediction by including sorption
at the air-water interface.

Together, these measured values and calculations provide a line of
evidence for the relevance of PFAS air-water interfacial sorption in situ.
To our knowledge, these are the first field data that demonstrate the
impact of PFAS air-water interfacial sorption on PFAS leaching, thereby
validating bench-scale studies that suggest air-water interfacial sorption
is an important mechanism to consider at AFFF-impacted sites.

While, particularly for PFOS and PFHpS, inclusion of the air-water
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Table 3

Regressed values of Ky and y-intercept (b) with 95% confidence intervals for
shallow soil in the interval of 0.03 to 0.9 m below ground surface, as determined
by Schaefer et al. (2022).

PFAS Kq b
(Lkg™ (ngkg™h)

PFOA 22+1.1 3000 + 1100

PFHpS 3.2+1.2 17,000 + 6000

PFOS 6.9+ 1.5 1,000,000 + 330,000

interfacial sorption resulted in improved predictions of in situ pore-
water concentration, it is possible that factors besides sorption at the air-
water interface could have played a role in the overpredictions shown in
Fig. 5. These factors include flow heterogeneity and other mass transfer
limitations. However, given the similarity in PFAS concentrations be-
tween the shallow and deep lysimeters (which suggests mass transfer
effects were limited), as well as the fact that the most surface active
compound examined (PFOS) showed the greatest improvement when
the model included interfacial sorption, it is likely that air-water inter-
facial sorption was the primary factor responsible for the discrepancy
between the measured porewater values and the Kg-only partitioning
model shown in Fig. 5. Additional studies at a variety of sites are needed
to further validate the role of interfacial sorption on PFAS concentra-
tions in porewater.

3.4. Environmental implications

Results presented herein show that PFAS mass flux to underlying
groundwater is likely being reduced by 1.5- to 4-times for PFOS, PFHxS,
and PFOA due to accumulation at the air water interface, as highlighted
by the impact of air-water retention on PFAS porewater concentrations.
Thus, consistent with previously performed unsaturated column exper-
iments (e.g., Lyu et al., 2018), air-water interfacial uptake plays an
important role in PFAS transport through the unsaturated zone. While
the overall PFAS mass flux from the AFFF-impacted soils remains largely
controlled by desorption from the soil, accounting for PFAS accumula-
tion at the air-water interface is required to estimate overall PFAS mass
flux. Further study is needed to more closely examine the impacts of
variable saturation and water flux on PFAS mass flux through the vadose
zone. Further study also is needed to assess PFAS mass flux under
differing soil, hydraulic, and PFAS loading conditions.
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Table S1. Soil properties measured by Schaefer et al. (2021). Shallow soil represents the
homogenized interval from 0.03 to 0.9 m below ground surface, while the deep soil represents
the homogenized interval from 0.9 to 2.4 m below ground surface.

Property Deep Soil Shallow Soil
Average grain size via sieve analysis (cm)' 0.03 0.04
gravel / sand / silt / clay (%) 5/90/5/0 3/92/5/0
Total Organic Carbon' (g/g) <0.00068 0.0034
Cation exchange capacity (meq/100g) 46 80

pH (SU)’ 6.3 5.8

! determined using combustion analysis
2 analysis performed by EMAX Laboratories, Inc. (Torrance, CA).

3 using a 1.7:1 ratio of 0.01 M NaCl solution to soil.
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Table S2. PFAS soil concentrations measured using homogenized soil from collected soil cores,
as described in Schaefer et al. (2021b). Average of replicate samples are shown with 95%
confidence intervals. < values represent the quantification limit for samples with no detection of
the analyte. Shallow soil represents the homogenized interval from 0.03 to 0.9 m below ground
surface, while the deep soil represents the homogenized interval from 0.9 to 2.4 m below ground
surface. Results shown on a dry weight basis (soil initially at 8% moisture content).

Deep Soil Shallow Soil

PFASs Formal Name Concentration Concentration

(ng/kg) (ng/kg)
PFBS perfluorobutane sulfonic acid 1.2 £0.08 54+32
PFPeS perfluoropentane sulfonic acid 1.9+0.19 23+5.6
PFHxS perfluorohexane sulfonic acid 15+2.1 210 £37
PFHpS perfluoroheptane sulfonic acid 2.1+04 21+£6.0
PFOS perfluorooctane sulfonic acid 170 + 23 1300 £330
PFBA perfluorobutanoic acid <6.0 <2.4
PFPecA perfluoropentanoic acid 0.42° 0.80°
PFHxA perfluorohexanoic acid <0.06 5.5+091
PFHpA perfluoroheptanoic acid <0.60 1.5+£0.35
PFOA perfluorooctanoic acid 1.1+0.1 6.4+1.1
FOSA perfluorooctane sulfonamide <1.3 11+24
FHxSA perfluorohexane sulfonamide 110+2.2 250+ 60
8:2 FtS 8:2 fluorotelomer sulfonate 23£10 22+5.0
6:2 FtS 6:2 fluorotelomer sulfonate 3.1+ 0.07 19+ 8.0
8CI-PFOS chloro-perfluorooctane sulfonic acid 1.1+0.05 3.1+19
CMeAmPr-FHxSA  N-Carboxymethyldimethylammoniopropyl- 8.4+8.2 46+2.0

perfluorohexanesulfonamide

PFEtCHxS perfluoro-4-ethylcyclohexane sulfonate <0.49 12+ 6.4
AmPr-FHxSA-Pra  N-dimethyl ammonio propyl perfluorohexane 4.5+£1.0 70£0.0

sulfonamido propanoic acid

* estimated based on detection in collected soils cores

NOTE: 10:2 FtS was <0.24 pg/kg in two analyzed deep soil samples and two anlayzed shallow

soil samples. Two additional shallow soil samples from the same homogenized interval showed
10:2 FtS at 1.1 and 1.2 pg/kg.
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PFAS Analytical Methods

PFAS native and isotopically labeled analytical standards were purchased from Wellington
Laboratories. Table S3 lists the anionic analytical standards used for analysis. The cationic
analytical standards used for ESI" analysis were n-dimethyl ammonio propyl perfluorohexane
sulfonamide (AmPr- FHxSA), n-trimethylammoniopropyl perfluorohexane sulfonamide
(TAmPr-FHxSA), and 6:2 fluorotelomer sulfonamido propyl betaine (6:2 FTSA-PrB).
Isotopically labeled cationic PFAS standards were not available at the time. The cationic
injection standards used were methamphetamine for aqueous samples and atrazine-d5, diuron-d6,
triphenyl phosphate-d15, metolachlor-d6, and carbamazepine-d10 (CDN Isotopes), and TCEP-
d12 (Sigma Aldrich) for soil samples. A second source of PFAS standards (Absolute Standards,
Hamden, CT) were used to determine accuracy and were required to be 70—130% for each
analyte. All solvents used were high performance liquid chromatography (HPLC) Optima® grade
from Fisher Scientific.

Aqueous Analysis

Aqueous samples were vortexed for 30 seconds and diluted 1:10 into methanol and spiked with
0.75 ng of isotopically labeled internal standards (Wellington Laboratories, Guelph, ON,
Canada) for quantification prior to injection. Final sample volumes were 1.5 mL. Analysis was
completed with an Agilent 1260 series HPLC (Santa Clara, CA) and a SCIEX QTOF X500R
(Framingham, MA) using positive and negative mode electrospray ionization for analysis of
cationic/zwitterionic and anionic/zwitterionic respectively via orthogonal chromatography
previously described in Barzen Hansen et al (2015). In short, the HPLC was fitted with three
Zorbax diol (Agilent, Santa Clara, CA; 4.6 x 12.5 mm x 6 pm) and one Zorbax silica (Agilent;
4.6 x 12.5 mm x 5 um) guard columns connected to a Zorbax Eclipse Plus C18 analytical
column (Agilent; 4.6 x 100 mm x 3.5 um). The injection volume for each analysis was 900 pL.
A 27 minute gradient of 3% methanol in water and 10 mM ammonium acetate in methanol was
used for analyte separation.

All data were collected via SWATH data-independent acquisition. Analyte identification and
quantification have been described in Allred et al. (2014). Negative and positive mode analytical
sequences utilized a 5-point calibration curve over the range of 20 -10,000 ng/L for all analytes.
Precision was calculated, as relative standard deviation, from four replicate samples and ranged
from 0-20%. The instrumental limit of detection (LOD, 6 ng/L) was calculated by normalized-
weighted regression (1/X). The instrumental LOQ (20 ng/L) was subsequently calculated as 3.3
x the LOD (Vial and Jardy, 1999). The whole method quantification limit was 200 ng/L. due to
the factor of 10 dilution with methanol, except for the sulfonamides which had an instrumental
LOD of 60 ng/L and a method quantification limit of 2,000 ng/L.
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Suspect Screening and Semiquantitation of aqueous samples.

PFAS that did not have analytical standards available to be quantified in the aqueous samples
were screened against a custom extracted ion chromatogram (XIC) list to identify suspect
matches. The XIC list used is presented in the supplemental information of Nickerson et al.
(2020). When compared to the XIC list, compounds were considered suspect matches when they
met the following criteria:

1) Sample area count to blank area count ratio >= 2 (aqueous)
2) Mass error < Sppm

3) Difference ion ratio < 10%

4) Relative retention time

The concentrations of compounds identified through suspect screening were estimated using a
semiquantitation procedure described in Nickerson et al. The procedure associates each
compound on the XIC list with a compound for which analytical standards are available
(“targeted calibrant”). This associated calibrant is used to estimate the concentration of the XIC
list compound that had been identified as a suspect match in the sample. The concentration
estimation of the suspect analyte is a function of the response factor of the targeted calibrant and
its internal standard, the molar masses of both the target calibrant and the suspect compound, the
peak areas of both compounds, and the nominal spiked mass of the internal standard. The LOQ
for all semi-quant analytes was the same as the corresponding calibrant LOQ.
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Table S3. Analytical Table. Targeted analytes for ESI- PFAS analysis. All standards were

obtained from Wellington Labs.

Chemical Name Acronym Neutral Internal
Molecular Formula Standard
Perfluoroalkanoic acids
Perfluoro-n-butanoic acid PFBA C4HO2F7 13C4-PFBA
Perfluoro-n-pentanoic acid PFPeA C5HO2F9 13C5-PFPeA
Perfluoro-n-hexanoic acid PFHxA C6HO2F11 13C2-PFHxA
Perfluoro-n-heptanoic acid PFHpA C7HO2F13 13C4-PFHpA
Perfluoro-n-octanoic acid PFOA C8HO2F15 13C4-PFOA
Perfluoro-n-nonanoic acid PFNA C9HO2F17 13C5-PFNA
Perfluoro-n-decanoic acid PFDA C10HO2F19 13C2-PFDA
Perfluoro-n-undecanoic acid PFUdA C11HO2F21 13C2-PFUdA
Perfluoro-n-dodecanoic acid PFDoA C12HO2F23 13C2-PFDoA
Perfluoro-n-tridecanoic acid PFTrDA C13HO2F25 13C2-PFTeDA
Perfluoro-n-tetradecanoic acid PFTeDA C14HO2F27 13C2-PFTeDA
Perfluoro-n-hexadecanoic acid® PFHxDA C16HO2F31 13C2-PFHxDA
Perfluoroalkane sulfonates
Perfluoropropane sulfonate PFPrS C3HO3SF7 13C3-PFBS
Perfluorobutane sulfonate PFBS C4HO3SF9 13C3-PFBS
Perfluoropentane sulfonate PFPeS C5HO3SF11 13C2-PFOS
Perfluorohexane sulfonate’ PFHxS C6HO3SF13 1802-PFHxS
Perfluoroheptane sulfonate PFHpS C7HO3SF15 1802-PFHxS
Perfluorooctane sulfonate! PFOS C8HO3SF17 13C4-PFOS
Perfluorononane sulfonate PFNS C9HO3SF19 13C4-PFOS
Perfluorodecane sulfonate PFDS C10HO3SF21 13C4-PFOS
Perfluoroundecane sulfonate PFUdS C11HO3SF23 13C4-PFOS
Perfluorododecane sulfonate PFDoS C12HO3SF25 13C4-PFOS
Chlorinated perfluoroalkane
sulfonates and ether sulfonates
8-chloro-perfluorooctane sulfonate Cl-PFOS C8HO3SCIF16 13C4-PFOS
9-chloro-3-oxa-perfluorononane Cl-O-PFNS C8HOA4SCIF16 13C4-PFOS
sulfonate
11-chloro-3-oxa-perfluoroundecane Cl-O-PFUdS  C10HOA4SCIF20 13C4-PFOS

sulfonate

S6



Table S3. Analytical Table
(continued)

Chemical Name Acronym Neutral Internal Standard
Molecular Formula

Perfluoroalkane sulfonamides

perfluorobutane sulfonamide FBSA C4H202SNF9 13C8-FOSA

Perfluorohexane sulfonamide FHxSA C6H202SNF13 13C8-FOSA

Perfluorooctane sulfonamide FOSA C8H202SNF17 13C8-FOSA

N-methylperfluoro-1-octane MeFOSA C9H402SNF17 d3-MeFOSA

sulfonamide

N-ethylperfluoro-1-octane EtFOSA C10H602SNF17 d5-EtFOSA

sulfonamide

Perfluoroalkane sulfonamido acetic

acids

Perfluorooctane sulfonamido acetic FOSAA C10H404SNF17 d3-MeFOSAA

acid®

N-methylperfluorooctane MeFOSAA C11H604SNF17 d3-MeFOSAA

sulfonamido acetic acid"

N-ethylperfluorooctane sulfonamido EtFOSAA C12H804SNF17 d5-EtFOSAA

acetic acid"

Fluorotelomer sulfonates

4:2 fluorotelomer sulfonate 4:2 FTS C6H503SF9 13C2-4:2 FTS

6:2 fluorotelomer sulfonate 6:2 FTS C8H5F13S03 13C2-6:2 FTS

8:2 fluorotelomer sulfonate 8:2 FTS C10H503SF17 13C2-8:2 FTS

10:2 fluorotelomer sulfonate 10:2 FTS C12H503SF21 13C2-8:2 FTS

Fluorotelomer alkanoic acids

6:2 fluorotelomer carboxylic acid 6:2 FTCA C8H302F13 13C2-6:2 FTCA

8:2 fluorotelomer carboxylic acid' 8:2 FTCA C10H302F17 13C2-8:2 FTCA

10:2 fluorotelomer carboxylic acid' 10:2 FTCA  C12H302F21 13C2-10:2 FTCA

2H-Perfluoro-2-octenoic acid (6:2) 6:2 UFTCA C8H202F12 13C2-6:2 UFTCA

2H-Perfluoro-2-decenoic acid (8:2) 8:2 UFTCA  C10H202F16 13C2-8:2 UFTCA

2H-Perfluoro-2-dodecenoic acid 10:2 UFTCA C12H202F20 13C2-10:2 UFTCA

(10:2)7

Hydrido-perfluoro polyether alkanoic

acids

3-H-4, 8-dioxa-perfluorononanoic ADONA C7H204F12 13C3-HPFO-DA

acid

Perfluorocycloalkyl sulfonic acids

Perfluoro-4-ethylcyclohexane PFEtCHxS C8HO3SF15 13C2-PFOS

sulfonate

i. Exist in the standard as the linear and branched isomers.

ii. PFHxDA, FOSAA, MeFOSAA, and EtFOSAA excluded from high -level (>3.85 ng/mL) calibration standards to
prevent instrument carryover.

iii. Stored in 100% Optima HPLC-grade isopropanol (IPA) to limit potential degradation. (All other compounds
stored in 100% HPLC-grade methanol.)
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Table S4. Total organic carbon (TOC), conductivity, and pH results for select lysimeters measured

during the 3rd sampling event. NM=not measured.

Lysimeter

L-1
L-4
L-9
L-10

L-11

TOC

(mg/L)

80

34

52

96

67

Conductivity

(1uS/cm)

650

810

820

1100

1600

pH

(sU)

8.2

7.6

NM

8.4

8.5
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Table S5. PFAS concentrations (ng L) measured in porewater collected in field lysimeters. <

LOQ indicates that the result was below the quantification limit. A table for each of the 3 rounds

of sampling is presented.

Round 1
Location | PFBA PFPeA PFHxA | PFHpA | PFOA PFBS PFPeS PFHxS PFHpS PFOS FHxSA | 6:2 FTS
L1 710 1300 7400 920 1400 2800 5000 30000 | 310 9600 <L0Q | 390
L2 1000 2300 9400 1900 4700 10000 | 30000 | 78000 | 2300 56000 | 10000 | 7100
L3 650 1300 4600 460 600 1600 4700 9900 <LoQ 980 <LOQ | <LOD
L4 680 1600 5300 600 <LoQ 1400 | 4000 14000 | <LOQ | 770 <L0Q | 270
L5 <L0Q <LoQ <LOQ | <LOQ |<LOQ <LOD | <LOQ 840 <LoQ 1100 <L0Q | <LOD
L6 <LoQ 530 2100 290 210 1500 2800 7600 <LOQ | 1400 <LOoQ | <LOQ
L7 780 970 3700 1200 390 1900 4900 32000 <LoQ 7100 5800 250
L8 <LOQ | 300 470 190 450 460 2100 14000 280 4700 <L0Q | <LOQ
L9 620 680 1100 420 1400 910 4400 23000 470 9300 6200 350
L10 580 660 1000 470 690 510 2000 11000 | 370 12000 | 9300 250
L11 590 790 1200 350 470 640 2200 10000 | 210 8100 5300 <LoQ

Round 2
Location | PFBA PFPeA PFHxXA | PFHpA | PFOA PFBS PFPeS PFHxS PFHpS | PFOS FHXSA | 6:2 FTS
L1 790 1500 13000 | 1600 2900 7400 11000 42000 1100 24000 14000 | <LOQ
L2 730 2200 8300 1400 3000 8800 12000 | 48000 | 920 59000 | 10000 | 3600
L3 <L0Q 1500 3900 560 510 2400 | 4000 19000 | 270 1800 <L0Q | <LoQ
L4 <LoQ 1800 4300 1300 <LO0Q 3300 3200 32000 <LOQ | 6900 <LOQ | 1100
L5 <LoQ 770 6400 1600 2100 5000 7900 39000 | 610 6700 <LoQ | 560
L6 <LoQ 890 4000 1000 920 2400 5800 43000 340 4400 <L0Q | <LOQ
L7 510 1100 4300 1500 <LoQ 2600 5600 50000 | <LOQ | 7500 <LOQ | <LOQ
L8 <LoQ <Lo0Q <L0Q | 410 760 800 5400 32000 830 18000 | <LOQ | <LOQ
L9 <LoQ 260 <LOQ | 460 860 1000 4300 20000 570 6300 <L0Q | <LOQ
L10 300 410 590 510 370 340 1500 7400 270 8600 <L0Q | <LOQ
L11 <LoQ <LoQ 670 410 960 610 2100 16000 | <LOQ | 3700 <LOQ | <LOQ

Round 3
Location PFBA PFPeA PFHxA | PFHpA | PFOA PFBS PFPeS PFHxS PFHpS | PFOS FHXSA | 6:2 FtS
L1 770 2700 19000 | 2800 5600 8900 15000 | 82000 3200 140000 | 30000 | 1900
L2 1900 5900 23000 | 4800 9000 17000 | 38000 | 150000 | 5000 100000 | 27000 | 13000
L3 560 2200 6300 1200 1900 3500 5600 31000 730 8500 4100 2700
L4 <LOQ | 1600 5000 580 330 2500 3000 16000 <LoQ 5800 4600 2400
L5 <LOQ | 1400 8700 1500 2800 3500 6800 44000 1100 25000 <L0Q | 2170
L6 <LOQ | 1100 5200 1100 1200 2900 5300 36000 410 13000 <LoQ | 2100
L7 <LOQ | 1500 6400 2200 1200 3200 6700 63000 300 10000 <LOQ | 3200
L8 <LO0Q | <LOQ 500 340 870 770 3600 25000 830 30000 <LOoQ | 1200
L9 <L0Q | 320 1200 560 2000 1500 5200 27000 780 42000 <LOQ | 880
L10 <LOQ | 470 1600 580 1100 770 3700 22000 600 25000 <LoQ | 920
L11 <LOQ | 550 1600 560 870 840 3700 29000 570 22000 <LOQ | 1000
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Figure S1. A picture of the installed test cell (top). Vapor probe vacuum lines were connected to
the control center located in the background. The bottom picture shows the lysimeters prior to
installation. A 2-inch layer of sand was applied to the soil surface to limit disturbances to the
highly contaminated soil surface during site sampling activities.
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Figure S2. Conceptualized cross-sectional view of the test location. Lysimeters installed at three

different depth intervals are shown.
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Garrett Metal Screen Method for Determining Kaw

3.8L of'a 0.003 M NaCl solution containing 1,000 ng L'! PFOS was allowed to equilibrate in a 7.6 L high
density polyethylene bucket for 24 hours. At 24 hours, the surface microlayer and bulk solution were
sampled using a Garrett metal screen (Garrett, 1965; Agogue’ et al., 2004) and a micro pipette,
respectively. The metal stainless-steel screen had a mesh size of 0.12 cm and a wire diameter 0.023 cm;
the screen dimensions were 15.2 cm x 15.2 cm. To collect the surface sample using the screen, the screen
was placed on the water surface (parallel to the water). Water was subsequently removed from the metal
screen by rinsing the screen with a known volume of methanol; the collected water volume was
determined gravimetrically. The collected methanol+water from the screen, along with the bulk water
sample, were subsequently analyzed for PFOS. The experiment was performed in duplicate, and results
performed at 48 hours confirmed that PFOS sorption at the air-water interface (or, within the microlayer)

was at equilibrium by 24 hours.

PFOS concentrations in the microlayer sample were 18,300 + 4, 800 ng L'!. Assuming a microlayer
sampling depth interval equal to the diameter of the mesh wire (0.023 cm), which is similar to that
observed by Daumas et al. (1976) and Garrett (1965), the value for the interfacial partition coefficient

(Kaw) was calculated as follows:

CMLVML

Kyw = —2— Eq. S1
Cpulk

where Cwy is the measured PFOS concentration in the microlayer, Vi is the volume of the microlayer
sampled (i.e., volume of water sampled using the screen), A is the open area of the screen, and Coyik is the
PFOS concentration in the bulk aqueous phase. Results yielded a Ky value of 4.0 £ 1.0 x 10° m (0.40 =
0.10 cm). Results are compared to those previously reported by Schaefer et al. (2019) using the film
method in Figure 4, along with corresponding model predictions. Comparison indicates that the two
methods generate results that are in reasonable (within a factor of 2) agreement based on the data and
model predictions. PFBA, which was also present in the solution at 1,000 ng L', had measured
concentrations in the microlayer that were identical to the PFBA concentrations in the bulk solution,

which is consistent with the relatively low surface activity of PFBA relative to PFOS.
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Determination of 95% Confidence Intervals
for Predicted PFAS Porewater Concentrations

The errors associated with the model (Eqgs. 1-4) predictions for PFOS, PFHpS, and PFOA
concentrations, which are represented by the error bars (95% confidence intervals) in Figure 5,
are based upon the generalized propagation of error formula (NIST/SEMATECH e-Handbook of
Statistical Methods, http://www.itl.nist.gov/div898/handbook/, 2006). Three parameters used in
the model are considered for the error propagation calculation:

e Kaw. The 95% confidence intervals for these values were determined in duplicate batch
film experiments, as described in the main text. Kaw values were 0.18 + 0.029 cm, 0.071
+0.061 cm, 0.064 + 0.048 cm for PFOS, PFHpS, and PFOA, respectively (average +
95% confidence intervals shown).

e K. The 95% confidence intervals for Kq4 are provided in Table 4.

® a,w (the air-water interfacial area). Determination of this parameter is described by Eq. 4,
and employs the use of the measured particle size distribution and estimated soil moisture
saturation of 0.5. The aaw value used in the model is 93 cm™'. Here, we assume that an
uncertainty of 40% (or, a 95% confidence interval of 37 cm™') is a reasonable estimate.
This error is driven by the fact that the particle diameter associated with d40 and d60
varies by only 25% from the d50 value used in the calculation of a.w, and that the
maximum moisture saturation (S) measured during lysimeter sampling in the two most
shallow moisture probes has an average value among the 3 sample events of 0.5 + 0.2
(the +0.2 represents the approximate range of S during porewater sample collection). The
maximum moisture during lysimeter sampling is used because most of the water drawn
into the lysimeters likely occurred during the peak pore saturation.

For the first sampling period, difficulties with equipment prevented us from having actual
soil probe readings during the sample collection. However, Figure 2b clearly shows that
there was a substantial rainfall event approximately 3 days prior to the porewater
sampling event. Projecting the linear slopes of the moisture probes observed during the
first several hours of readings on July 15" backwards in time, the average peak
saturations are approximately 0.45. If there is any non-linearity in these slopes, such as
what is typically observed following rainfall event, values would be near, or perhaps even
in excess, of 0.5.

It is also assumed that the 3 moisture probes, which are generally within 1 meter of the
lysimeters, are representative of water saturation within the test plot.

The 95% confidence interval (Clmoder) for the model is then determined as follows based on the
NIST/SEMATECH e-Handbook of Statistical Methods:
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aC \* aC \? aC \*
Clmodel =j(6K ) (CIKaw)2+(aKd> (CIKd)z‘l'( 3 ) (Claaw)2
aw

03w

where Clkaw, Clkd, and Claaw refer to the 95% confidence intervals associated with the Kayw, Kg,
and aaw values, respectively. Clmodel 18 calculated for PFOS, PFHpS, and PFOA, and represented
by the error bars associated with the model predictions in Figure 5.

It is also noted that uncertainty regarding the PFAS soil concentrations (Cs in Eq. 3) due to
heterogeneity in the test plot is considered small compared to the error described above. This is
based on the PFAS porewater concentrations (Figure 5), which were reasonably uniform across
the test plot. If all of the variation (i.e., averages + 95% confidence intervals) in the PFAS
porewater concentrations shown in Figure 5 were due to a variation in PFAS soil concentrations
(which is likely not the case), then application of Eq. 3 coupled with the soil isotherm data in
Table 3 indicates that the soil concentration varies very little. For example, the PFOS porewater
concentration in Figure 5 is shown as 10,000 + 6,2000 ng/L. Application of Eq. 3 (with the
desorption parameters shown in Table 3) shows that at 16,000 ng/L, the equilibrium PFOS soil
concentration is only 3.7% greater than that in equilibrium with 10,000 ng/L porewater.
Performing the same calculations for PFHpS and PFOA results in a soil variability of 6.9% and
17%, respectively.
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